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TURBULENCE MEASUREMENTS IN STABLY STRATIFIED FLUIDS
Yih -H o  Pao
B o e i n g  S c i e n t i f i c  R e s e a r c h  L a b o r a t o r i e s  
S e a t t l e ,  Wash ington
ABSTRACT
A t o w in g  tank  sy ste m  was u se d  to  s t u d y  the s t r u c t u r e  o f  t u r b u l e n c e  In 
s t a b l y  s t r a t i f i e d  f l u i d s .  T u rb u le n c e  i s  g e n e ra t e d  by mov ing  an o b s t a c l e  ( a  
g r i d  o r  a c y l i n d e r )  In a tank  o f  s t r a t i f i e d  s a l t  w a t e r .  Rec ent  imp roved  
sha dowgraph  p i c t u r e s  o f  t h e s e  l a b o r a t o r y  g e n e r a t e d  s t r a t i f i e d  f l o w s  are  
shown In t h i s  p a p e r .  They g iv e  f u r t h e r  su p p o r t  t o  P a o ' s  o b s e r v a t i o n  that  ( i )  
i n t e r n a l  waves and t u r b u l e n c e  c o e x i s t  in  t u r b u l e n t  s t r a t i f i e d  f l o w s ,  w it h  
i n t e r n a l  waves a t  the l a r g e  s c a l e s  and t u r b u l e n c e  a t  the s m a l l  s c a l e s ;  ( i i )  
t u r b u l e n c e  decays  much more r a p i d l y  than i n t e r n a l  w aves ;  and ( i i i )  the  t u r -  
b u l e n t - n o n t u r b u l e n t  i n t e r f a c e s  a r e  not  n e c e s s a r i l y  sha rp ,  and the t r a n s i t i o n  
r e g i o n  may c o n s i s t  o f  m o s t l y  i n t e r n a l  w av e s .
V e l o c i t y  and c o n c e n t r a t i o n  f l u c t u a t i o n s  in  the  wake o f  the o b s t a c l e  
a re  measured r e s p e c t i v e l y  w it h  q u a r t z - c o a t e d  h o t - f i l m  p r o b e s  and s i n g l e  
e l e c t r o d e  c o n d u c t i v i t y  p r o b e s  w h ic h  are  towed a t  the same sp eed as the 
o b s t a c l e .  The v e l o c i t y  and c o n c e n t r a t i o n  s i g n a l s  a re  p r o c e s s e d  w i t h  a 
d i g i t a l  computer  u t i l i z i n g  a f a s t  F o u r i e r  t r a n s f o r m  te ch n iq u e  to  o b t a i n  
s p e c t r a ,  c o r r e l a t i o n s ,  rms v a l u e s ,  e t c .  Our p r o be  measurement methods and 
d a t a  p r o c e s s i n g  t e c h n i q u e s  w i l l  b e  d i s c u s s e d  in  d e t a i l  in  t h i s  p a p e r .
The v e l o c i t y  a u t o - s p e c t r a  measured be h in d  the  s t r a t i f i e d  wake o f  a
- 5 / 3c y l i n d e r  a r e  p r o p o r t i o n a l  t o  f  f o r  a decad e  o f  f r e q u e n c y  range w h i l e
the  t u r b u l e n c e  R e y n o ld s  numbers o f  the f l o w s  are  t o o  low t o  have an i n e r t i a l  
su b ra n g e .  The r e a s o n  f o r  t h i s  anomalous i n e r t i a l  subrang e i s  d i s c u s s e d  in  
the  c o n t e x t  o f  a u n i f i e d  s p e c t r a l  model p r o p o s e d  b y  Pao.  The measured co n ­
c e n t r a t i o n  a u t o - s p e c t r a  have  a s u b s t a n t i a l  range o f  f r e q u e n c i e s  b e h a v i n g  l i k e  
f - ^ ^ ;  t h e  f  rang e  o f  the c o n c e n t r a t i o n  a u t o - s p e c t r a  e x t e n d  t o  h i g h e r
f r e q u e n c i e s  than t h o se  o f  the v e l o c i t y  a u t o - s p e c t r a  measured in  the  same 
p o s i t i o n .
D i a g n o s t i c  methods  t o  d i s t i n g u i s h  i n t e r n a l  waves fr om  t u r b u l e n c e  w it h  
two p r o b e  measurements a r e  p r o p o s e d .  T h i s  can b e  a c c o m p l i s h e d  by com par in g  
the  c o - s p e c t r a  and the q u a d r a t u r e - s p e c t r a  o r  the c o h e r e n c i e s  o f  ( i )  two 
v e r t i c a l l y  s e p a r a t e d  v e l o c i t y  p r o b e s ,  o r  ( i i )  two v e r t i c a l l y  s e p a r a t e d  s a l i n i t y  
( o r  t e m p e r a tu r e )  p r o b e s ,  o r  ( i i i )  a v e l o c i t y  pr o be  and a s a l i n i t y  ( o r  t em perature ) 
p r o b e .  These  methods  d e v e l o p e d  i n  the l a b o r a t o r y  ca n  be a p p l i e d  d i r e c t l y  to  
a t m o s p h e r i c  and o c e a n i c  measurements t o  d i s t i n g u i s h  i n t e r n a l  waves from t u r b u l e n c e .
INTRODUCTION
Most  o f  the a t m o s p h e r i c  and o c e a n i c  m ot io ns  a re  t u r b u l e n t ,  and la r g e  
p o r t i o n s  o f  the a tm o sphe re  and o c e a n  a re  s t a b l y  s t r a t i f i e d .  C o ns e que nt ly  
know ledge  o f  the s t r u c t u r e  o f  t u r b u l e n c e  in  s t r a t i f i e d  f l u i d s  i s  n e c e s s a r y  
f o r  a b e t t e r  u n d e r s t a n d i n g  o f  o u r  e n v ir o n m e n t .  T here  are  d i f f e r e n t  ways to  
g a i n  t h i s  k n ow ledg e .  An o b v i o u s  way i s  through  d i r e c t  o b s e r v a t i o n  and m easu re ­
ment o f  v a r i o u s  t y p e s  o f  m o t io n s  i n  a s t a b l y  s t r a t i f i e d  a tmosphere  o r  o c e a n .
T h is  i s  u s u a l l y  c o s t l y  and sho u ld  be done very  s e l e c t i v e l y .  F urthe rm o re ,  
o b s e r v a t i o n a l  r e s u l t s  and measurements o b t a i n e d  in  u n c o n t r o l l e d  n a t u r a l  
c o n d i t i o n s  are o f t e n  d i f f i c u l t  t o  i n t e r p r e t .  A se co nd  way i s  t o  i s o l a t e  and 
to  s i m u la t e  the main f e a t u r e s  o f  t h e se  f l o w s  in  l a b o r a t o r i e s ,  and t o  study  
them u n d e r  c o n t r o l l e d  c o n d i t i o n s  w it h  l e s s  c o s t  and manpower. T h is  paper  
b e l o n g s  t o  the s e c o n d  c a t e g o r y .
Some p r e l i m i n a r y  r e s u l t s  o f  o u r  l a b o r a t o r y  i n v e s t i g a t i o n s  o f  t u r ­
b u le n c e  in  s t a b l y  s t r a t i f i e d  f l u i d s  were r e p o r t e d  e a r l  i e r ^  ’  . By o b s e r v ­
in g  the g e n e r a t i o n  and the d e c a y  o f  a p a t c h  o f  t u r b u l e n c e  in  a s t r a t i f i e d
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l i q u i d  w i t h  the shadowgraph m ethod,  Pao c o n c lu d e d  t h a t :  ( i )  i n t e r n a l  waves 
and t u r b u l e n c e  c o e x i s t  i n  the se  s t r a t i f i e d  f l o w s ,  where i n t e r n a l  waves p r e ­
dom inate  at  the la rg e  s c a l e s  and t u r b u l e n c e  pre do m inate s  a t  the s m a l l  s c a l e s ;  
( i i )  t u r b u l e n c e  decays  much more r a p i d l y  than i n t e r n a l  w av e s ;  and ( i i i )  the 
t u r b u l e n t  and n o n t u r b u l e n t  i n t e r f a c e s  a re  no t  n e c e s s a r i l y  sh a rp ,  and the 
" t r a n s i t i o n "  r e g i o n  may c o n s i s t  m o s t ly  o f  i n t e r n a l  waves .  Through some 
p r e l i m i n a r y  h o t - f i l m  p r o b e  measurements Pao*^ has compared the s p e c t r a  o f  
t u r b u l e n c e  in  s t r a t i f i e d  and n o n s t r a t i f i e d  f l u i d s ,  c o r r e s p o n d i n g  t o  the same 
t u r b u l e n c e  g e n e r a t in g  c o n d i t i o n s ,  and ha s shown tha t  the s p e c t r a  i n t e n s i t y  
was s u b s t a n t i a l l y  l e s s  f o r  the s t r a t i f i e d  c a s e .
We have s i n c e  improved o u r  shadowgraph te c h n i q u e s  and have o b s e r v e d  
v i s u a l l y  the s t r u c t u r e  o f  t u r b u l e n c e  in  v a r i o u s  k in d s  o f  s t r a t i f i e d  f l o w s .  
These new shadowgraph p i c t u r e s ,  whic h  g i v e  f u r t h e r  e v i d e n c e  o f  t h o se  c h a r ­
a c t e r i s t i c s  d e s c r i b e d  i n  the p r e v i o u s  p a ra g ra p h ,  w i l l  be shown and d i s c u s s e d  
b e lo w .
We have measured the v e l o c i t y  and s a l i n i t y  f l u c t u a t i o n s  in  the s t r a t i ­
f i e d  wakes o f  a g r i d  o r  a c y l i n d e r  w it h  q u a r t z - c o a t e d  h o t - f i l m  p r o b e s  and 
s i n g l e  e l e c t r o d e  c o n d u c t i v i t y  p r o b e s .  The o b s t a c l e  ( a  g r i d  o r  a c y l i n d e r )  
w i t h  the  p r o b e s  beh ind i t  a re  towed a t  a c o n s t a n t  sp eed i n  a tank o f  s t r a t i ­
f i e d  s a l t  w a t e r  ( F i g .  1 ) .  The use  o f  a towing  tank system  t o  st ud y  s t r a t i f i e d  
9 -1 1f l o w  i s  not  new. Long made a s e r i e s  o f  p e n e t r a t i n g  s t u d i e s  c o n c e r n i n g
a -  ,  
t—
F ig .  1.  A c o n f i g u r a t i o n  f o r  the c i r c u l a r  c y l i n d e r  and f o u r  pro be s  ( two h o t -  
f i lm  p r o b e s  and two c o n d u c t i v i t y  p r o b e s ) .
s t r a t i f i e d  f l o w s  o v e r  b a r r i e r s  u t i l i z i n g  a tow in g  tank sy stem .  S c h o o l e y  and 
19S te w art  o b s e r v e d  the  c o l l a p s i n g  o f  the  t u r b u l e n t  wake o f  a s e l f - p r o p e l l e d
body and the in duced  i n t e r n a l  waves in  a tank . Kennedy and F o e b e l7 and S t o c k -  
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ha usen ,  C l a r k ,  and Kennedy measured the mean v e l o c i t y  and c o n c e n t r a t i o n  p r o ­
f i l e s  o f  s t r a t i f i e d  t u r b u l e n t  wakes i n  a tow in g  tank sy s te m .  What i s  new 
and more demanding h e r e  i s  t o  u t i l i z e  a to w in g  tank sy s te m  f o r  t u r b u l e n c e  
measurements i n  s t r a t i f i e d  f l u i d s .  I n  s e c t i o n s  be low , o u r  appa ra tus  and i n s t r u ­
m e n t a t i o n ,  o u r  e x p e r im e n t a l  p r o c e d u r e s  and da ta  r e c o r d i n g  m ethods ,  our  da ta  
p r o c e s s i n g  t e c h n i q u e s ,  and o u r  measured v e l o c i t y  and c o n c e n t r a t i o n  a u t o - s p e c t r a  
are  d e s c r i b e d .  F i n a l l y ,  i t  i s  d e m o ns tra te d  t h a t  i t  i s  p o s s i b l e  to  d i s t i n g u i s h  
i n t e r n a l  waves from t u r b u l e n c e  in  a s t a b l y  s t r a t i f i e d  f l u i d  by com par in g  c o ­
s p e c t r a  and q u a d r a t u r e - s p e c t r a .
APPARATUS AND INSTRUMENTATION
There a r e  a number o f  s t r i n g e n t  r e q u i r e m e n t s  th a t  we must meet in  
o r d e r  to  use the  tow in g  tank system  s u c c e s s f u l l y  f o r  t u r b u l e n c e  measurements 
i n  s t r a t i f i e d  l i q u i d s . '  These r e q u i re m e n t s  a r e :  ( i )  The tow in g  tank i t s e l f  
must be u f f i c i e n t l y  lo n g  to  p r o v id e  enough  a v e r a g i n g  tim e f o r  the s t a t i s t i c a l  
q u a n t i t i e s  o f  i n t e r e s t .  To f i l l  a l o n g  tank w i t h  s a l t  w a t e r  r e q u i r e s  a l a r g e  
q u a n t i t y  o f  s a l t .  The c o s t  o f  each r e f i l l  must be ta ken  i n t o  c o n s i d e r a t i o n ,  
( i i )  Because o f  the v i g o r o u s  t u r b u l e n t  m i x i n g ,  the s t r a t i f i c a t i o n  i s  d e s t r o y e d  
a f t e r  ea ch  r u n .  I t  i s  n e ce s sa ry '  to  have  a f i l l i n g  sy s t e m  th a t  i s  c a p a b l e  o f  
r e f i l l i n g  the  tank q u i c k l y  a c c o r d i n g  to  a p r e s c r i b e d  d e n s i t y  p r o f i l e .  ( i i i )  
H o t - f i l m  p r o b e s  are u n a b le  t o  d i s t i n g u i s h  p r o b e  v i b r a t i o n s  fr om  t u r b u l e n c e .  
T h e r e f o r e ,  i t  i s  n . j e s sa ry  t o  have a v e r y  smooth-mo in g  c a r r i a g e  f o r  the 
p r o b e s .  ( i v )  In  o r d e r  to ha ve  m e a n in g fu l  q u a n t i t a t i v e  r e s u l t s ,  the h o t -  
f i l m  p r o be s  and the s i n g l e  e l e c t r o d e  c o n d u c t i v i t y  p r o b e s  must be s t a b l e  and 
d r i f t - f r e e .  T h i s  i s  the  most s t r i n g e n t  re q u i r e m e n t .  We have  been  a b l e  to  
meet i t  o n l y  p a r t i a l l y  so  f a r .  ( v) Be c au s e  o f  the i n t e r m i t t e n t  nature  o f  
th e se  e x p e r im e n t s  and the d i f f i c u l t y  i n  p r e p a r i n g  each  run ,  i t  i s  l o g i c a l  
t o  use  as many pro be s  as p o s s i b l e  f o r  each  run . T h is  r e q u i r e s  s p e c i a l  da ta  
r e c o r d i n g  and da ta  p r o c e s s i n g  t e c h n i q u e s  w hic h  w i l l  be d e s c r i b e d  b e lo w .
( v i )  The s t r u c t u r a l  su p p o r t  f o r  the o b s t a c l e  must be s o  sm a l l  th a t  i t  d o e s  
not  i n t r o d u c e  e x t r a n e o u s  e f f e c t s  i n t o  the wake.
A f t e r  b a l a n c i n g  the s i x  r e q u i re m e n t s  l i s t e d  in  the p r e v i o u s  para gra ph  
with  the fu n d in g  and the sp ac e  a v a i l a b l e ,  we have  c o n s t r u c t e d  a 35 f t .  lo n g  
towing  tank system  w it h  an a i r - l u b r i c  ed p r o b e  c a r r i a g e .  The system i s  
d e s ig n e d  in  su ch  a way that the  pr obe c a r r i a g e  w it h  q u a r t z - c o a t e d  h o t - f i l m  
p r o b e s  and s i n g l e  e l e c t r o d e  c o n d u c t i v i t y  p r o b e s  can be towed at the same 
speed as the o b s t a c l e .  S i g n a l s  from th e s e  p r o b e s  are s e n t  d i r e c t l y  t o  an 
IBM 360-4 4  com puter  f o r  d i r e c t  o n - l i n e  t u r b u l e n c e  data  p r o c e s s i n g  o r  r e c o r d e d  
on an FM m a g n e t i c  t a p e  f o r  l a t e r  p r o c e s s i n g .  The d e t a i l s  o f  the tow in g  tank 
sy ste m  and t h e  pr obe measurement method w i l l  be d e s c r i b e d  b e lo w .
The Tow ing  Tank i s  3 5 - f e e t  l o n g ,  1 2 - i n c h e s  w id e ,a n d  3 0 - i n c h e s  h i g h ,  ( F i g .  
2 ) .  I t  i s  made o f  aluminum s t r u t s  w i t h  1 / 2 - i n c h  t h i c k  p l e x i g l a s s  w a l l s .  The 
tank i s  s e a l e d  with  s i l a s t i c s .
The Towing  Mechanism c o n s i s t s  o f  a d r i v i n g  drum ( F i g .  3 ) ,  a s y s t e m . o f  
f o l l o w i n g  p u l l e y s ,  and n y l o n - c o a t e d  s t a i n l e s s  s t e e l  c a b l e s .  The d r i v i n g  
drum i s  made o f  aluminum machined t o  . 0 0 1 "  a c c u r a c y ,  a n o d i z e d  to  p r o t e c t  
i t  fr om the s a l t  w a t e r .  The drum i s  powered by a 1 /4  hp B o s t o n - g e a r  c o n s t a n t  
t o rq u e  motor w ith  R a t i o t r o l  spee d c o n t r o l .  We have changed  the c o n t r o l  t o  a 
t e n - t u r n  p o t  t o  a l l o w  more r e f i n e d  sp eed  a d ju s t m e n t .  The c e n t e r  c a b l e  on the 
d r i v i n g  drum tows the a i r - l u b r i c a t e d  pr o be  c a r r i a g e ,  and the o u t e r  f o u r  c a b le s  
on the d r i v i n g  drum tow the o b s t a c l e ( s ) .  Each c a b le  ca n  be a d j u s t e d  s e p a r a t e l y
F i g .  2. The tow in g  tank (3 5*  l o n g ,  12" w id e ,  and 30"  h i g h ) .
F i g .  3 .  The d r i v i n g  drum f o r  the to w ing  c a b l e s .
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f o r  the p r o p e r  t e n s i o n .  A u s u a l  o p e r a t i n g  t e n s i o n  f o r  the c a b l e  i s  60 l b / i n  . 
The to w in g  speed  can be r e p e a t e d  w i t h  b e t t e r  than 0 .3% a c c u r a c y  ( s e e  T a b le  1 
f o r  an e x a m p l e ) .  We have d e l i b e r a t e l y  used the o v e r s i z e d  d r i v i n g  m o to r  to 
m in im iz e  the tow in g  speed v a r i a t i o n  f o r  e a ch  run ; no v a r i a t i o n  can be d e t e c t e d  
j w i t h i n  the a c c u r a c y  o f  the h o t - f i l m  anemometry.
P r e p a r a t i o n  o f  the F l u i d s  and the F i l l i n g  S y s te m . Room tem perature  s a l t  
w a t e r  i s  use d  as the w’o r k i n g  f l u i d .  Two 500 g a l l o n  p l a s t i c  s t o r a g e  tanks are 
use d  ( F i g .  4 ) .  One tank i s  used t o  s t o r e  tap w ater  ( p a r t  fr om the c o l d  water 
l i n e  and p a r t  fr om the hot  w ater  l i n e ) ,  and the o t h e r  tank i s  used to  s t o r e  
s a t u r a t e d  s a l t  w a t e r  ( t h e  b r i n e  t a n k ) .  These  s t o r a g e  tanks a re  n e c e s s a r y  f o r  
a l l o w i n g  the tap w ate r  to d e - g a s ;  b eca use  the sm all  a i r  b u b b le s  in the water 
may a t t a c h  to  the h o t - f i l m  p r o b e s  and ca use  se v e re  c a l i b r a t i o n  d r i f t .  High 
p u r i t y  t a b l e  s a l t  i s  f i r s t  dumped i n t o  a sm a ll  m ix in g  tank and mixed w it h  
! h i g h  v e l o c i t y  w a te r  j e t s .  T h i s  s a t u r a t e d  w a t e r  i s  d r a i n e d  i n t o  the b r i n e  tank .  
T here  i s  a m e ch a n i ca l  s t i r r e r  in  the b r in e  tank to  assu r e  the ho m ogene ity  o f  
the  b r i n e .  The f i l l e d  s t o r a g e  tanks are a l l o w e d  s u f f i c i e n t  time  (1 0  hours  o r  
m ore ) t o  d e - g a s  and to  e q u i l i z e  t h e i r  t em perature  w ith  the room tem perature .  
F o r  each  f i l l i n g ,  the f r e s h  w a t e r  and the b r i n e  a r e  pumped s e p a r a t e l y  from 
the s t o r a g e  tanks t o  two e l e v a t e d  c o n s t a n t - h e a d  o v e r f l o w  ta n k s .  Fresh  and 
s a t u r a t e d  s a l t  w ate r  from t h e se  e l e v a t e d  tanks are  fe d  i n t o  a n i x i n g  v a l v e ,  
where  the m ix ing  r a t i o ,  thus the d e n s i t y  o f  the s a l t  w a t e r ,  i s  c o n t r o l l e d  by 
a p r e s s u r e  v a l v e .  This  s a l t  w ate r  i s  fed by g r a v i t y  f o r c e  i n t o  the ta nk ,  
l a y e r  by l a y e r  w it h  i n c r e a s i n g  d e n s i t y  through  two f e e d i n g  tubes  at the botto m  
o f  the ta nk .  These  f e e d i n g  tubes  a re  1 - 1 / 2 "  x 3 / 4 "  r e c t a n g u l a r  s t a i n l e s s
s t e e l  t u b e s ,  s t r e t c h e d  o v e r  the le n g th  o f  th e  ta n k , w ith  s m a ll h o le s  d r i l l e d  . 
a t  the b o tto m  s i d e .  The fe e d in g  tu b es  r e s t  on  the b ottom  o f  the ta n k  w ith  
0 .0 1 "  c l e a r a n c e ;  t h i s  a p p e a rs  to  be e f f e c t i v e  in  dam ping o u t  the d is t u r b a n c e s
T ab le  I
SPEED REPEATABILITY OF THE TOWING SYSTEM 
S peed C o n tr o l
Run P o t  S e t t in g  A c tu a l S peed in  c tn /se c .
C a l.  1 3 .0 0  1 3 .9 8 1
C a l. 2 3 .0 0  13 .9 89
C a l.  3 3 .0 0  1 3 .9 81
C a l.  4 3 .0 0  1 3 .9 7 0
C a l.  5 3 .0 0  1 3 .9 65
C a l.  6 3 .0 0  1 3 .9 4 5
C a l.  7 . 3 .0 0  1 3 .9 7 4
C a l.  8 3 .0 0  1 3 .9 9 6
C a l.  9 3 .0 0  1 3 .9 5 3
C a l. 10 3 .0 0  1 3 .9 9 2
in  the fe e d in g  stream  and e n a b le s  us to  o b t a i n  a r e p r o d u c ib le  d e n s it y  s t r a t i ­
f i c a t i o n .  The d e n s it y  d i s t r i b u t i o n  i s  s im p ly  determ in ed  by the p r e s s u r e  v a lv e  
d i a l  s e t t i n g s .  The tim e r e q u ir e d  f o r  each  f i l l i n g  i s  a bou t one h o u r .
P robe  C a r r ia g e ,  B ecau se  th e  h o t - f i l m  p ro b e s  ca n  n ot d i s t i n g u i s h  c a r r ia g e  
v ib r a t i o n  from  t u r b u le n c e ,  we have spent a g r e a t  d e a l  o f  e f f o r t  in  d e v e lo p in g  
a c a r r ia g e  th a t  moves sm o o th ly  en ou g h . We t r i e d  a c a r r ia g e  w ith  r o l l e r s ,  a 
c a r r ia g e  w ith  T e f lo n  s k id s ,  and f i n a l l y  a c a r r ia g e  w ith  a i r - l u b r i c a t e d  sh o e s . 
T h ese  a i r - l u b r i c a  ted sh oes  r id e  on and a re  gu id ed  b y  two p r e c i s i o n  m icrow a ve- 
g u id e  t u b in g s .  The a i r - l u b r i c a t e d  c a r r ia g e  has red u ced  the probe  v ib r a t io n  
t o  an a c c e p t a b le  l e v e l .  T a b le  2 shows the r a t i o  o f  the m s  v e l o c i t y  due to  
p r o b e  v i b r a t i o n ,  as r e c o rd e d  by a h o t - f i l m  con e  p r o b e ,  to  the w a n  v e l o c i t y  
a t  v a r io u s  tow in g  sp e e d s . The o p e r a t in g  a i r  p r e s s u r e  is  a p p r o x im a te ly  30 to  
4 0  l b s / i n 2 .
H o t - f i lm  Aneroom etry. The q u artz  c o a t in g  seems to  p r o v id e  adeq u ate  
e l e c t r i c a l  in s u la t io n  f o r  the h o t - f i l m  from  i t s  su rro u n d in g  l i q u i d ;  i t  c e r ­
t a in ly  i s  a m a jo r  s te p  tow ard  the s ta b le  o p e r a t io n  o f  h o t - f i l m  p r o b e s  i n  
l i q u i d s .  L o o k in g  back a t  some o f  our e a r l i e r  data  re c o rd e d  in  1 9 6 6  a n d  1 9 6 7 ,  
when the q u a r t z -c o a t e d  h o t - f i l m  probes  w ere  a t  t h e ir  in fa n c y  and n o t  w e ll 
m ade, 107. d r i f t s  o r  g r e a t e r  in  v e l o c i t y  c a l i b r a t i o n  w ere common. O f  c o u r s e ,  
th e  q u a r tz  c o a t in g  does n o t  e lim in a te  a l l  the problem s w ith  h o t - f i l m  a n e m o m e t r y  
in  l i q u i d s .  In  a d d i t io n  to  the problem s w ith  suspended p a r t i c l e s  and f i b e r s ,  
h o t - f i l m  m easurem ents in  l i q u id s  are s e n s i t i v e  to  tem peratu re  c h a n g e s  d u e  t o  
th e  low o v e r h e a t .  L o ca l b o i l i n g  can o c c u r  a t  60°C in  w a te r  and a t  e v e n  l o w e r  
tem p e ra tu re  in  s a l t  w a te r . Thus 60°C a p p e a rs  to  be the u p p e r  l i m i t i n g  t e m p e r a t u r  
f o r  the h o t - f i l m  in  w a te r . We have t r i e d  57., 77. 107. and 127. o v e r h e a t  r a t i o s  
( o v e r h e a t  r a t i o  r  h ere i s  d e f in e d  as r  = ( R^-Rj.,)/Rc , where RH i s  th e  h o t - f i l m  
r e s is t a n c e  and R^ i s  the c o ld  f i lm  r e s i s t a n c e )  and found t h a t  107. o v e rh e a t  
r a t i o  a p p e a rs  t o  be th e  o p t im a l c a s e .  F o r  o u r  c a l ib r a t e d  r u n s , we r e q u ire
T ab le  I I
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th e  tem peratu re  v a r ia t io n  to  be w ith in  0 .1 ° F .
We have u se d  m o s t ly  Therm osystem s q u a r t z -c o a t e d  h o t - f i l m  cone p ro b e s  
( 1230G) in  c o n ju n c t io n  w ith  Therm osystem s 1054B l in e a r i z e d  c o n s t a n t  temp­
e r a t u r e  anem om eters to  m easure th e  stream w ise  v e l o c i t y  f l u c t u a t i o n s .  These 
co n e  p r o b e s  a re  s p e c i a l l y  q u a r t z -c o a t e d  f o r  s a l t  w ater u s a g e .  We h a ve  found 
th a t  the con e  p r o b e  1230W f o r  w a te r  usage u s u a l ly  b rea k s down in  s a l t  w a te r .
We have e x p e r im e n te d  w ith  the Therm osystem s q u a r t z -c o a t e d  c y l i n d r i c a l  h o t -  
f i lm  p r o b e s  (1 2 7 0 -1 (W , 1270-20W ) , and fou n d  th a t they  have more c a l i b r a t i o n  
d r i f t  than cone p r o b e s .  T h is  i s  p r o b a b ly  due to  the p a r t i c l e s  and th e  f i b r e s  
in  the s a l t  w h ich  can a t t a c h  m ore e a s i l y  t o  the c y l i n d r i c a l  p ro b e s  than the 
co n e  p r o b e s .  I t  has been  known f o r  some tim e th a t the la r g e r  s i z e  ( . 0 6 "  
d ia m e te r )  c y l i n d r i c a l  h o t - f i l m  p ro b e s  w i l l  be more s t a b le  than the sm a lle r  
o n e s ,  bu t we have n ot u sed  the la r g e r  c y l i n d r i c a l  p ro b e s  ( 1270-60W ) b e ca u se  
we e x p e c t  the v o r t e x  sh ed d in g  problem s c i t e d  by F a b u la 3 . B ecause  o f  the 
p r o b e  c a r r ia g e  v i b r a t i o n ,  we have ru le d  o u t  the p o s s i b i l i t y  o f  u s in g  wedge 
p r o b e s  w h ich  a re  e x tre m e ly  s e n s i t i v e  to  th e  a n g le  o f  a t t a c k ,
To im prove the w a te r  q u a l i t y ,  we h a ve  a r e - c i r c u l a t i n g  system  w h ich  w i l l  
c o n t in u o u s ly  c i r c u l a t e  th e  w a te r  in  the ta n k  through  a s e r i e s  o f  m e ch a n ica l 
f i l t e r s  ( t h e  l a s t  one in  the s e r i e s  is  a l - u p a r t i c l e  f i l t e r ) .  W ith  th is  
r e c i r c u l a t i n g  sy s te m , we can re p e a t  o u r  c a l i b r a t i o n  in  w a te r  w ith  l e s s  than 
17. d e v ia t i o n .
We have o p e r a te d  the Therm osystem s 1054B h o t - f i l m  anem om eters in  the 
o r d in a r y  and the l in e a r i z e d  m ode. We fou n d  the cone p ro b e s  do not o b e y  the 
g e n e r a l iz e d  K in g 's  law o v e r  a b roa d  range o f  speed v a r ia t io n  a lth o u g h  i t  
i s  p o s s ib l e  to  f i t  K in g 's  law to  a narrow  range o f  sp e e d . We have d e r iv e d
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a method to send our v e lo c ity -v o lta g e  c a l ib r a t io n  d i r e c t ly  to  a computer; 
the ca lib r a t io n  p oin ts are f i t t e d  with a s ix th -o rd e r  Chebychev polynom ial by 
fb » c o r7.11: i- i.. The voltage read by the computer is  converted to  the v e lo c it y  
a ccord in g ly . The d e ta ils  o f  th is  method w i l l  be d iscu ssed  below.
The S in g le  E lectrode C on ductiv ity  Probes that we have used are the same
4
in p r in c ip le  as the ones developed by Gibson and Schwarz . The method we 
used to con stru ct  the probe i s  very  sim ple. Our con d u ctiv ity  probes are con­
structed  from s ta in le ss  s t e e l  needles coated  w ith  epoxy. F ir s t ,  the epoxy is  
mixed and thinned down by h ea tin g . Then, the s ta in le s s  needles are dipped 
in to  the heated epoxy. A fte r  the epoxy i s  s e t ,  the t ip  o f  the needle i s  
ground to expose the s ta in le ss  s t e e l .  The exposed p o r tio n  is  then coated  with 
platinum b lack  to  Increase i t s  c o r ro s iv e  r e s is t i v i t y .  The con d u ctiv ity  probe 
is  used in  con ju n ction  with a m odified  T ek tron ix  3C66 o r  Q p lu g -in  u n it ,  which 
is  a ca r r ie r  a m p lif ie r . The system has good s e n s i t iv i t y  and i s  capable o f  
measuring s a l in it y  v a r ia tion  as l i t t l e  as 0.01Z. One o f  the problems w ith 
th is  system is  the d r i f t ,  m ostly due to  the e le c t r o n ic s .  He are in  the 
process o f  develop in g  a s o l id  s ta te  c i r c u i t  f o r  con d u ctiv ity  measurements.
The sign als  from the s in g le  e le ctro d e  co n d u c t iv ity  probes are converted by 
the computer to density  again through the f i t t i n g  o f  the d en s ity -v o lta g e  
ca lib ra t io n  p o in ts  with a s ix th -o rd e r  Chebychev polynom ial.
O b sta cles . The ob sta c les  that we have used are e ith e r  a n e u tra lly  buoyant 
g rid  o r  a n e u tra lly  buoyant c ir c u la r  c y lin d e r . The fou r  corners o f  the grid  
or  the ends o f  the c ir c u la r  cy lin d e r  are attached to t ig h ly  stretch ed  Nylon 
coated s ta in le ss  s te e l ca b le s . These ca b les  are towed by the d r iv in g  drum.
The grid  is  made o f  3 /8 " o r  3 /1 6 "  p le x ig la ss  tubing. The mesh to diam eter 
ra tio  is  5 .33 . The c ir c u la r  cy lin d er  is  made o f  3 /4 " o r  1" p la s t ic  tubing.
To make these ob sta c les  n eu tra lly  buoyant, proper weights are in serted  in to  
these tubings vhose ends are then sea led .
EXPERIMENTAL PROCEDURE AND DATA RECORDING
The day be fore  the run, the fresh  water and the brin e  in the storage 
tanks are prepared as described  in  S ection  2. B efore the run, we f i r s t  
check che temperature o f  the liq u id s  in the two storage tanks to  make sure 
they are the same as the room temperature. Then the o b s ta c le  and the good 
probes are put in the proper p la c e s . Then the tank is  f i l l e d  w ith s t r a t i f ie d  
sa lt  water, which takes about an hour. A fte r  the tank i s  f i l l e d ,  we turn the 
h o t-film  anemometers and the Q u n its  on to see i f  there are any problems 
with the probes. In our experiment we have used two v e r t ic a l ly  separated 
h o t-film  probes and two v e r t ic a l ly  separated s in g le -e le c tr o d e  con d u ctiv ity  
probes. S ignals from these fou r  probes are recorded on FM magnetic tapes 
with a 14-channel Ampex FR-1300 FM magnetic tape record er at 15 ips tape speed. 
The 15 ips tape speed gives a f l a t  frequency response from 0 to  5000 Hz. The 
sign als  from the four probes o fte n  exceed the input v o lta g e  range (+1.414 
v o lt s )  o f the FM tape recorder and need to  be attenuated with p re a m p lif ie rs . 
These four attenuated signals are recorded in  fou r  channels on the FM tapes 
( f o r  convenience, we c a l l  these channels the D.C. ch an n els). He are In terested  
in obtain ing the mean and the f lu c tu a tin g  components. The flu c tu a tin g  com­
ponents can, in p r in c ip le , be obtained from the D.C. channels. However, 
because o f  the lim ited dynamic range o f  the magnetic tape record ing system, 
i t  is  advantageous to record the flu c tu a tin g  components sep arate ly . This is  
done bv sending the signals through band-pass f i l t e r s ,  D.C. a s p l l f l e r s ,  and 
then record ing them on four separate channels ( f o r  conven ience, these are 
ca lle d  the A.C. channels). The ins trusses! ta t ion flow  diagram is  shown in  Fig. 5.
Before each run, we estim ate the le v e l  o f  the s ig n a ls ; the p ream plifiers  
and am p lifiers  w il l  be set a ccord in g ly . Then standard re feren ce  s ign a ls  o f
0 , + 200 mv, and -200mv are in je c te d  in to  a l l  channels. We are then ready to 
record  an a c tu a l run, which i s  usually  rather sh ort, ranging from 10 sec to 
1 min. A fte r  the run, we take the o b s ta c le  ou t and run the probes in a qu iescen t 
tank at various speeds to  c a lib r a te  the h o t - f i l a  p robes . A fter  the h o t - f i lm  
probe c a l ib r a t io n ,  we take the s in g le -e le c tr o d e  con d u ctiv ity  probes out and 
d ip  them in to  our standard d en sity  ja r s  fo r  c a l ib r a t io n .  These two c a lib r a t io n s  
are a lso  recorded on ta p es . These s ig n a ls  are then sen t through co a x ia l 
cab les  to  an IBM 360-44 d i g i t a l  computer with an IBM 1827 a n a lo g -to -d ig ita l  
con verter  f o r  d ig i ta l  turbu lence  data p ro ce ss in g .
Instead o f  record ing  a l l  o f  the s ig n a ls  on magnetic tape, we can send 
these s ign a ls  d ir e c t ly  to  the IBM 360-44 computer fo r  d ir e c t -o n - lin e  turbulence 
data p rocess in g  which enables us to examine ou r measurements in  s itu  and y ie ld s  
con siderably  b e t te r  s ig n a l to  noise r a t io .  The d e ta i ls  o f  the data process in g  
technique w i l l  be described  In the next s e c t io n .
DATA PROCESSING TECHNIQUE
Turbulence sign als  are sen t by co a x ia l  ca b les  (approxim ately  300 f t .  long) 
to  an IBM 1827 a n a lo g - t o -d ig i t a l  con verter , which has a 16-channel m u ltip lexer 
and a conversion  rate o f  18,000 samples per second at 15 b its  ( in c lu d in g  the 
sign  b i t )  a ccu racy . The d ig i t iz e d  data are then processed  with an IBM 360-44 
computer with 32,000 words c o re  memory. A computer program fo r  dual channel 
data process in g  (PA$-K) u t i l i z in g  fa s t  F ou rier  transform  algorithm  is  developed 
to handle the f lu c tu a t in g  s ig n a ls  from two probes (A .C . ch an n els). This pro­
gram (PA$-K) is  an extension  and m od ifica tion  o f  an e a r l ie r  program (PA$-J)
Fig. 5. Instrument flow diagram.
18developed by Pao, Hansen, and MacGregor I t  yields rms values, auto­
correlations, cross-correlations, auto-spectra, cross-spectra, phase angles, 
co-spectra, quadrature-spectra, and coherencies. This program (PAp-K) consists 
o f four subprograms: 1) RESIG • this subprogram accepts reference signals 
such that amplification and attenuation can be properly accounted for, and 
punch out cards for proper conversion factors. 2) CALIB -  this subprogram 
accepts calibration runs for velocity and salin ity  probes, and punch-out 
cards for the calibration points to be Inserted in the subprogram FIT. 3)
FIT -  the calibration points for the velocity and/or the salinity probes w ill 
be fitted  by sixth-order Chebychev polynomials. The coefficients of these 
polynomials are punched out in cards to be Inserted in the subprogram SPECTRA.
4) SPECTRA -  This subprogram accepts turbulence signals from two channels, converti 
them according to the fitted  calibration curves, and ooeyutes with the fast Fourier 
trmsaCerm algorithm the s ta t is tic a l quantities mentioned previously.
STRUCTURE of turbulence  i n  s t r a t i f i e d  f l u i d s  as observed
FROM THE SHADOWGRAPHS
From a seq uence  o f  sh adowgraph p i c t u r e s  o f  l a b o r a t o r y  g e n e r a t e d  t u r ­
b u l e n t  s t r a t i f i e d  f l o w s ,  P a o ^  o b s e r v e d  t h a t  ( i )  i n t e r n a l  waves and t u r b u l e n c e  
c o e x i s t  in  t u r b u l e n t  s t r a t i f i e d  f l o w s ,  w i t h  i n t e r n a l  waves a t  the l a r g e  
s c a l e s  and the t u r b u l e n c e  a t  the sm a ll  s c a l e s ;  ( i i )  t u r b u l e n c e  d e c a y s  much 
more r a p i d l y  than i n t e r n a l  w av e s ;  ( i i i )  t h e  t u r b u l e n t - n o n t u r b u l e n t  i n t e r f a c e s  
a re  not  n e c e s s a r i l y  s h a r p ,  and the t r a n s i t i o n  r e g i o n  c o n s i s t s  o f  m o s t l y  i n ­
t e r n a l  w av e s .  These  c o n c l u s i o n s  w i l l  be f u r t h e r  su p po r te d  by r e c e n t  i :nproved 
shadowgraph p i c t u r e s  f o r  v a r i o u s  f l o w  c o n f i g u r a t i o n s  to  be d i s c u s s e d  in the 
f o l l o w i n g  p a ra g ra p h s .
F ig u r e  6 i s  a s eq uence  o f  sha dowgraph  p i c t u r e s  showing the g e n e r a t i o n  
( F i g .  6 a ) and the de c ay  ( F i g .  6 b , c )  o f  i n t e r n a l  waves and t u r b u l e n c e  in  s t a b l y
c )  The decay  o f  t u r b u l e n c e  i n  t h e  s t r a t i f i e d  wake. T h i s  p i c t u r e  was 
t a k e n  at  3 0 . 0  s e c  a f t e r  F i g .  6a,  where  the c y l i n d e r  was moved a p ­
p r o x i m a t e l y  209 cm t o  the  l e f t  edge  o f  the p i c t u r e .
F i g .  6 .  a )  The g e n e r a t i o n  o f  i n t e r n a l  waves  and t u r b u l e n c e  by a moving c i r c u l a r  
c y l i n d e r  in  a s t a b l y  s t r a t i f i e d  s a l t  w ate r  ( s h a d o w - g r a p h ) .  C y l i n d e r  
D ia m eter  D * 1 .9 0 5  cm, Towing  Speed U * 7 .2 2 6  cm s e c ” , S p e c i f i c  
G r a v i t y  G ra d ie n t  > * 0 .0 0 2 5 5  cm" ,Re * UDv"* * 1376. , R iD = prt” l  
g>D^U"^ * 0 . 1 5 4 ,  B r u n t - V a s a l a  f r e q u e n c y  fg  * 0 .2 3 7  Hz. °
b ) The decay  o f  t u r b u l e n c e  in  the s t r a t i f i e d  wake o f  a c i r c u l a r
c y l i n d e r  ( s h a d o w g r a p h ) .  T h is  p i c t u r e  was taken at 1 4 .2  sec  a f t e r  
F i g .  6a where  the c y l i n d e r  was moved approx  in n t e l y  102 cm t o  the 
l e f t  edge o f  p i c t u r e .
j s t r a t i f i e d  s a l t  w a t e r .  The c y l i n d e r  i s  moving w h i l e  the camera i s  s t a t i o n a r y .
1 F i g .  6a shows the r e g i o n  where the i n t e r n a l  waves and t u r b u l e n c e  a re  g e n e ra t e d  
by the moving c y l i n d e r .  A l t h o u g h  F i g .  6a does  n o t  show any d i s t i n c t  wave 
b e h a v i o r ,  one ca n  i n f e r  from shadowgraph p i c t u r e s  taken a t  su bsequent  t im es  
( F i g .  6b and c )  tha t  t h e r e  must be i n t e r n a l  waves imbedded in  the a ppa re n t  
t u r b u l e n t  s t r u c t u r e  in  F i g .  6a .  This  i s  p o s s i b l e  b e ca u se  the  t u r b u l e n c e  decays  
much f a s t e r  than i n t e r n a l  waves as i s  e v i d e n t  fr om  F i g .  6 b ,  which was ta ken  
1 4 .2  s e c .  l a t e r .  The c y l i n d e r  has moved 102 cm away from the l e f t  edge  o f  
the p i c t u r e .  F i g .  6b shows d i s t i n c t  wave b e h a v i o r  a t  l a r g e  s c a l e  and tu r b u l e n c e  
b e h a v i o r  at  s m a l l  s c a l e .  F ig u re  6c was taken 2 9 . 0  se c  l a t e r .  The c y l i n d e r  has 
moved 209 cm away from the l e f t  s i d e  o f  the p i c t u r e ;  i t  shows tha t  t u r b u l e n c e  
has n e a r l y  a l l  de cayed  away and the l o n g  w av e length  i n t e r n a l  waves are  p r e v a l e n t .  
T h is  sequence  o f  imp roved shadowgraph p i c t u r e s ,  c o r r e s p o n d i n g  to  e a r l i e r  
shadowgraph p i c t u r e s  shown by Pao  ( R e f .  16,  F ig u r e s  11 and 12) g i v e  f u r t h e r  
su p p o r t  to  the o b s e r v a t i o n  t h a t :  ( i )  i n t e r n a l  waves and t u r b u l e n c e  c o e x i s t  
i in  t u r b u l e n t  s t r a t i f i e d  f l o w s ,  w i t h  i n t e r n a l  waves p r e d o m in a t in g  a t  la r g e  
j s c a l e s  and t u r b u l e n c e  p r e d o m i n a t i n g  a t  sm all  s c a l e s ,  and ( i i )  t u r b u l e n c e  
d e c a y s  much more r a p i d l y  than i n t e r n a l  waves.  The l a t t e r  o b s e r v a t i o n  i s  
a n a l o g o u s  to  the phenomenon conmonly c a l l e d  the permanence o f  b i g  e d d i e s  in  
homogeneous f l u i d s ,  where sm a ll  e d d i e s  de c ay  much f a s t e r  than b i g  e d d i e s .  In 
j t u r b u l e n t  s t r a t i f i e d  f l o w s ,  the " b i g  e d d i e s "  are  the i n t e r n a l  w av e s .
When the t u r b u l e n c e  i s  f i r s t  g e n e r a t e d ,  F i g .  6 a ,  the t u r b u l e n t - n o n t u r -  
J  b u l e n t  i n t e r f a c e s  are  sh a rp  and d i s t i n c t  which i n d i c a t e s  sharp  ch anges  in  
| r e f r a c t i v e  i n d i c e s ,  h e n c e ,  d e n s i t i e s .  This  can be seen  more c l e a r l y  f r o m  a 
j c l o s e - u p  o f  the  t u r b u l e n c e  g e n e r a t i n g  r e g i o n ,  F i g .  7a.  When the t u r b u l e n c e  
j i s  d e c a y i n g  ( F i g .  6 b ) ,  h o w e v e r ,  the t u r b u l e n t - n o n t u r b u l e n t  i n t e r f a c e s  a r e  no 
J  l o n g e r  d i s t i n c t .  T h is  can be seen  more c l e a r l y  from a c l o $ e - u p  v ie w  shown
\ in F i g .  7b.  There  are  i n t e r n a l  waves p r e s e n t  between  the t u r b u l e n t  and the, 161 n o n t u r b u l e n t  r e g i o n s .  T h is  g i v e s  f u r t h e r  su p po r t  to  Pao s o b s e r v a t i o n  that 
j ( i i i )  the t u r b u l e n t  and n o n t u r b u l e n t  i n t e r f a c e s  are  not  n e c e s s a r i l y  s h a r p ,
; and t h e re  may be i n t e r n a l  waves p r e s e n t  in the " t r a n s i t i o n "  r e g i o n .  The 
p r e s e n c e  o f  t h e s e  i n t e r n a l  w av e s ,  we b e l i e v e ,  i s  a p a r t  o f  the d e c a y i n g  
p r o c e s s .  The sharp  d e n s i t y  g r a d i e n t s  at the t u r b u l e n t - n o n t u r b u l e n t  f r o n t s  
v i e l d  a s t r o n g  mechanism to  s u p p r e ss  t u r b u l e n c e .  This  ca use s  the t u r b u l e n c e
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F i g .  7 .  a )  C l o s e - u p  v ie w  o f  t u r b u l e n c e  g e n e r a t i n g  r e g i o n  o f  a wake 
( s e e  F i g .  6a f o r  d e t a i l e d  d e s c r i p t i o n ) .
b )  C l o s e - u p  v ie w  o f  the t u r b u l e n c e  d e c a y i n g  r e g i o n  o f  a wake 
( s e e  F i g .  6b f o r  d e t a i l e d  d e s c r i p t i o n ) .
to  d e c a y  more r a p i d l y  than i n t e r n a l  waves in  the f r o n t a l  r e g i o n s .
The b e h a v i o r  a t  the  t u r b u l e n t - n o n t u r b u l e n t  f r o n t s ,  we b e l i e v e ,  i s  o f  
im p o rta nce  t o  the d e t e c t i o n  o f  c l e a r  a i r  t u r b u l e n c e  t h ro u g h  the  r e f r a c t i v e -  
in d e x  f l u c t u a t i o n  by g r o u n d -b a s e d  s e n s i t i v e  r a d a r  ( s e e  Hardy e t  a l  ) .  I n  the tur.  
b u l e n t  g e n e r a t i n g  r e g i o n ,  the  sharp  r e f r a c t i v e - i n d e x  g r a d i e n t s  a t  the f r o n t a l  
s u r f a c e s  may y i e l d  s t r o n g  r a d a r  e c h o e s  even f o r  weak t u r b u l e n c e .  In the 
t u r b u l e n c e  d e c a y i n g  r e g i o n s ,  o n  the o t h e r  ha n d ,  the l a c k  o f  s h a rp  t u r b u l e n t -  
n o n t u r b u l e n t  f r o n t s  ( t h u s ,  the  la c k  o f  sharp  r e f r a c t i v e - i n d e x  g r a d i e n t s ) ,  
may y i e l d  weak ra dar e c h o e s  e v e n  f o r  r e l a t i v e l y  s t r o n g  t u r b u l e n c e ,  t h i s  
arg um ent ,  o f  c o u r s e ,  i s  no more chan p l a u s i b l e  r e a s o n i n g  at  the p r e s e p t  tim e .  
Q u a n t i t a t i v e  measurements a r e  needed t o  c a r r y  t h i s  a r g u c x n t  any f u r t h e r .
F ig u r e s  8 a and b are  shadowgraph p i c t u r e s  sh ow ing  r e s p e c t i v e l y  the  
g e n e r a t i o n  and the d e c a y  o f  t u r b u l e n c e  beh in d  a moving  g r i d .  F ig u r e  8b was 
taken  2 7 .4  s e c  l a t e r  tnan F i g .  fca and the g r i d  was a p p r o x i m a t e l y  177 .8  cm 
away from the  l e f t  e d g e  o f  th e  p i c t u r e .  F i g .  8b shows the n e a r l y  homogeneous
s t r u c t u r e  o f  i n t e r n a l  waves where the t u r b u l e n c e  has d e c a y e d  away. T h is
. 16a g a i n  s u p p o r t s  Pao s o b s e r v a t i o n  th a t  t u r b u l e n c e  d e c a y s  nxich a » r e  r a p i d l y  
than I n t e r n a l  waves .
F i g .  8 .  a )  The g e n e r a t i o n  o f  i n t e r n a l  w aves and t u r b u l e n c e  by a m ov in g
g r i d  i n  a s t a b l y  s t r a t i f i e d  s a l t  w a t e r  ( s h a d o w g r a p h ) .  Grid 
t u b in g  d i a m e t e r  = .4 7 6  cm, G r id  mesh s i z e  M = 2 .5 4  cm,
Towing speed U *  6 .4 8  cm s e c '^ .  y  * 0.00335 cm"^.
Re^ “  UMv*1 = 1 65 0 ,  R ^  = p0 - 1 g7 M2U‘ l  «  0 . 4 6 2 .  f g = 0 . 2 7 6  Hz.
b )  The d e c a y  o f  t u r b u l e n c e  In  t h e  s t r a t i f i e d  wake o f  a g r i d  
( s h a d o w g r a p h ) .  T h i s  p i c t u r e  was taken  at  2 7 . 4  s e c  a f t e r  
F i g .  8 a ,  and the  g r i d  was moved a p p r o x im a t e l y  178 cm t o  the  
l e f t  e d g e  o f  the  p i c t u r e .
VELOCITY AND CONCENTRATION AUTO-SPECTRA
Prom a s e r i e s  o f  l a b o r a t o r y  e x p e r i m e n t s 5 ’ *4 ’ 1 5 ’ *^ r e p o r t e d  p r e v i o u s l y  
and i n  t h i s  p a p e r ,  a n a l y s e s * ' * ’ * 5 and e x i s t i n g  a t m o s p h e r i c  and o c e a n i c  nm asure - 
m e n t s ,  P a o 12 p r o p o s e d  a u n i f i e d  a u t o - s p e c t r a l  d e s c r i p t i o n  f o r  i n t e r n a l  waves 
I and t u r b u l e n c e  i n  a s t a b l y  s t r a t i f i e d  f l u i d .  Pao**1 p r o p o s e d  t h a t ,  f o r  s u f f i c i e n t  
I h i g h  R e y n o l d s  numbers and R i c h a r d s o n  numbers ,  the  s p e c t r a l  b e h a v i o r  o f  the 
I f l u c t u a t i n g  m o t i o n  in  a s t a b l y  s t r a t i f i e d  f l u i d  ca n  be d e s c r i b e d  in  terms o f  f o u r  
s u b r a n g e s ,  F i g .  9 :  ( 1 )  I n t e r n a l  Wave Subrange -  the  i n t e r n a l  waves p r e d o m i n a t e
a t  lo w  wave numbers ( s e e  F i g .  9 ) .  When the i n t e r n a l  waves a re  s u f f i c i e n t l y  s t r o n  
and d i s t i n c t ,  the  d i f f e r e n t  h a rm o n ics  o f  i n t e r n a l  waves may p r e s e n t  th e m s e lv e s  
as pea ks  i n  the a u t o - s p e c t r a .  T h i s  b e h a v i o r  i s  p r e d i c t e d  by P a o * 5 i n  ex am in in g  
a n a l y t i c a l l y  the v e l o c i t y  and t em perature  s p e c t r a  i n  the l o c a l l y  homogeneous rang. 
I o f  wavenumbers b as e d  on the c o m p l e t e  s e t  o f  t w o - p o i n t  c o v a r i a n c e  e q u a t i o n s .
I t  i s  a l s o  b o rn  o u t  In a l a b o r a t o r y  e x p e r im e n t  by H a l l  and P a o 5 on the  b r e a k i n g  
I o f  i n t e r n a l  waves i n  a  t v o - f l u i d  sy stem .  T h i s  i s  b e l i e v e d  t o  be the e x p l a n a t i o n * '
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f o r  the presence o f  peeks and v a lle y s  In some a u tosp ectra , measured In stab ly  
s t r a t i f ie d  atmosphere and o cea n , where the peaks represent d i f f e r e n t  harmonics 
o f  the in tern a l waves. When the in te rn a l waves are n e ith er  strong n or d i s t in c t ,  
they can be id e n t if ie d  through th e ir  c o -  and qu a dratu re-spectra . This d ia g n ostic  
technique w i l l  be descr ib ed  in  the next s e c t io n .  ( 2 )  Buoyant Subrange -  the 
buoyant e f f e c t  and turbu lent scram bling e f f e c t  are both  lsqm rtant a t  interm ediate 
wavenumbers where the h lg h -ord er  harmonics o f  In tern a l waves, I f  present at lower 
wavenumbers, are no longer d i s t in c t  and cannot be d e tected  in  the a u to -sp e ctra ; 
th is  range o f  wavemasbers may be c a l le d  the buoyant subrange. This d e f in it io n  
covers  a broader wavenumber range than the 1'buoyant subrange" defin ed  by B olg ian o3
Pao3  ^ p red icted  that the v e lo c it y  and sca la r  spectra  In th is  subrange do not obey
-4 /3any power law where the v e lo c i t y  spectra  are steeper than k , and the s ca la r  
-5 /3
sp ectra  are le ss  steep  than k . A t  higher wavenumbers, turbulence predomi­
n a tes . The f lu c tu a t in g  m otion  at these h igh  wavenumbers are not a f fe c te d  by
g
the s t r a t i f i c a t i o n  and can be d escrib ed  w e ll  w ith K olm ogorov 's concept o f  
l o c a l  is o tr o p y . Follow ing Kolmogorov, the high  wavenumber range can be d iv ided  
in to  two subranges: (3 )  I n e r t ia l  Subrange (co n v e c tiv e  subrange f o r  the sca la r
F ig .  10. V e lo c ity  a u to -sp ectra  in  the wake o f  a cy lin d e r . C ylinder d ia ­
meter D “  2 .54  cm. P osition  o f  the h o t -fi lm  probe V4 is  x“ 5 0 .8  cm 
downstream o f  the cy lin d er (x /D  “  2 0 ) .  V ertica l d istan ce  from 
wake axis i s  z “  2.54 cm (z /D  “ 1 ) .  0 V e lo c ity  a u to -sp ectra  in a
homogeneous f lu id  (Run W-12, probe V 4 ) . Re -  4 21 0 .  U *  16.594  cm/sec 
g V e lo c ity  a u to -sp ectra  in a s ta b ly  s t r a t i f ie d  f lu id  (Run WSL-5, probe 
V4). Re -  4120, Ri -  0 .0688. Sp. g r . grad Y = 3 .2 1 2  x 1 0 ' 3 cm- 1 . 
U“ 16.208 cm /sec . fg ”  0.266 Hz.
LOG k
F ig . 9 . A u n ified  sp ectra l d e s c r ip tio n  for  In ternal waves and turbulence
in  a stab ly  s t r a t i f ie d  atmosphere. A l l  q u a n tities  are made d i ­
m ensionless with governing parameters at small s c a le s : t ,  v 
and a . k- i s  the wavenumber corresponding to  the synoptic s ca le  
m otion. k_ is  the wavenumber below which in tern al waves predom­
in a te .  Cg is  the wavenumber beyond which turbulence predominates, 
kg is  the Kolmogorov wavenumber beyond which the v iscou s  and 
d i ffu s iv e  e f f e c t s  becoaw important (s e e  re feren ce  1 7 ).
qu a n tity  such as con cen tration  o r  tem perature); ( 4 )  Viscous Subrange 
( d i f f u s iv e  subrange fo r  the sca la r  q u a n tity ).
Pao33 has pointed out that the presence o f  these four subranges w ill  
depend on the Reynolds number and the Richardson number f o r  a given flow .
For flow s with r e la t iv e ly  low Reynolds muabers and high Richardson number the 
in tern a l wave subranges (p o s s ib ly  with s p e ctra l peak or peaks) is  very near 
the v iscou s  subrange. Our laboratory  generated s t r a t i f ie d  flow s belong to 
th is  ca se . We sh a ll present some o f  our measured autospectra  in the context 
o f  the u n ifie d  sp ectra l model33 b r ie f ly  reviewed in  the prevloua paragrapha.
Two v e lo c it y  auto-apectra  measured In the wake o f  a c ir c u la r  cy lin d er
w ith  a c o n ica l  h o t - f i lm  probe V4 are shown in  Figure 10 — a s t r a t i f ie d  case 
(WSL-5) and a n o n -s t r a t if ie d  case (W -12). The data represented by open 
c i r c l e s  (W-12) were measured in  water with a h o t - f i lm  probe V4 at 20 diam eters 
behind the cy lin d e r  (x/D  ”  20) and one diam eter above the wake-axis (z /D  = 1 ) .
The Reynolds number Re(* UD/v) based on the towing speed U and the cy lin d er
-5 /3diam eter D is  Re m 4210. The autospectrum behaves l ik e  f fo r  about a
decade in  the frequency range. The data represented by the s o lid  c i r c le s
(WSL-5) were measured in  s t r a t i f ie d  sa lt  water with the same probe a t the
-1
same p o s it io n . The s p e c i f i c  gradient o f  the sa lt  water was y = p |dp/dz|=
- 3 - 1  o w3.213 x 10 cm pw i s  the d en sity  o f  water at 4 C. The Richardson number
2 2Ri “  p0gyD /B * 0.0688 where is  the upstream density  along the wake a x is . 
The Reynolds number Re -  4210, very c lo se  to  that o f  Run W-12. However, the 
a u to -sp e c tra l d en s ity  o f  the s t r a t if ie d  case  is  nearly two decades lower than 
th a t  o f  the n o n -s t r a t if le d  case . I t  shows a sp ectra l peak c lo s e  to  the Brunt-
VSs&la frequency o f  the s t r a t i f ie d  sa lt  w ater, f flv “  (gpo> ) 333 2n" 3 »  0.266 
-5 /3H z, and has a d is t in c t  f  frequency range. However, the turbulence is  too 
weak to have a d is t in c t  f  ^33 in e r t ia l  subrange. This "anomalous in e r t ia l  
subrange", we b e l ie v e ,  i s  due to the presence o f  the in tern al wave sp ectra l 
peak and l i f t e d  the sp e ctra l curve up as a r e su lt.
The resu lt d escrib ed  in  the previous paragraph should be considered as 
a caution f la g  to  those who derive  turbulent energy d is s ip a tio n  rate e from 
spectra  measured with r e la t iv e ly  slow response Instruments (such  that c can­
not be measured d i r e c t l y ) .  This is  comaonly done with the atm ospheric data.
The procedure i s  to  assume the Kolm ogorov's Law fo r  the in e r t ia l  subrange
^  2/3 . -5 /3  « -  an k
where a la  Kolm ogorov's u n iversa l constant, k is  the wavenumber and can be 
re la ted  to  the frequency by T a y lor 's  hypothesis k * 2 * f /0 . e is  then c a l ­
cu lated from the measured v e lo c ity  sp ectra l density  ♦ , provided that the 
spectrum has a d is t in g u ish a b le  k* 533 range. However, our resu lts  (F ig .  10) 
show that the presence o f  the f  333 frequency range does not warrant the 
ex isten ce  o f  an in e r t ia l  subrange in a s ta b ly  s t r a t if ie d  f lu id .
A v e lo c ity  and a con cen tra tion  spectra  measured re sp e ctiv e ly  w ith a 
h o t - f i lm  probe V4 and a s in g le  e le ctrod e  con d u ctiv ity  probe C3 in the 
s t r a t i f ie d  wake ere shown in F ig . 11 (JbinwSF-2, Re “  4325, Ri “  2 .4 2 4 ). The 
s a lt  water was s tron g ly  s t r a t i f ie d  and f^  ■ 1.66 Hz, > • 0.12 cm in  th is  
run. In  order to  achieve th is  strong s t r a t i f i c a t io n  with s a l t ,  we have Had.ted 
che v e r t ic a l  ex ten t o f  the s t r a t if ie d  reg ion  to 10.16 cm, with fresh  water 
above and saturated s a lt  water below. The cy lin d er  was placed at the middle
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o f  the s t r a t i f i e d  reg ion . The v e lo c i t y  spectrum  measured w ith the h o t - f i lm
probe V4 at one diam eter above the wake a x is  (z /D  «  1) Is  shown In s o l id
- 5 /3
c i r c l e s  in  F ig . 11. I t  again has a f  range. The co n ce n tra t io n  spectrum  
measured w ith the s in g le  e le c t r o d e  c o n d u c t iv ity  probe C3 p laced  on the wake 
ax is  (z /D  »  0 ) Is shown in  open c i r c l e s  in  F ig . 11. I t  has a strong s p e c tra l  
peak near the Brunt-VSsStla freq u en cy  o f  the s t r a t i f ie d  s a l t  water ( f^ «  1.66 
H z). I t  a lso  has a f  ran ge, which extends to  such h igh er  freq u en cies  
than those o f  the v e lo c it y  au tosp ectra .
In  an experim ent on the breaking o f  In tern a l waves In a two f lu id  system^ 
we have shown that In these breaking waves the d i f f e r e n t  harmonics o f  the 
f in i t e  amplitude Internal waves present them selves in  the frequency auto­
spectra  o f  wave h eigh t as s p e c t r a l  peaks. In  th is  s e c t io n ,  we have fu rth er  
shown that the v e lo c it y  an d /or  con cen tra tion  a u to -sp e c tra  may a ls o  have 
peaks in  a con tin u ou sly  s t r a t i f i e d  tu rbu len t f lo w .
F ig . 11. V e lo c ity  and co n ce n tra tio n  a u to -sp e c tra  measured In the wake o f  a 
c ir c u la r  cy lin d e r  In a s ta b ly  s t r a t i f ie d  f lu i d  (Run WSF-2). C y linder 
diam eter D “  2 .54  cm. The probe V4 is  p la ced  at x/D “ 20 and z /D " l.
The probe C3 is  on wake a x is  z/D  “  0 . The h o r iz o n ta l d is ta n ce  
between C3 and V4 Is  1.7 cm. The v e r t ic a l  d is ta n ce  between V4 and
. - lC3 is  2.54 cm. Re -  4325. R1 -  2 .4 2 4 . 7 -  1 .2 x 10* 1
1 .66  H z .
0 con cen tratlon au to-spectru m  
• v e lo c it y  auto-spectrum
CO-SPECTRA AND QUADRATURE-SPECTRA AS DIAGNOSTIC TOOLS IN DISTINGUISHING INTERNAL 
WAVES FROM TURBULENCE
In a tu rbu len t s t r a t i f ie d  f lu i d ,  when the a u to -sp e ctra  do not have a 
d is t in c t  peak o r  peaks, as Is  the case w ith  the auto-spectru m  WSF-2,V4 In 
F ig . 11, the In tern a l wave subrange can be id e n t if ie d  from  the c o -s p e c tr a  and 
quadrature sp ectra  o f  two v e r t i c a l l y  separated probes ( o r  o f  a v e lo c it y  
probe and a con cen tra tion  probe at the same h e ig h t ) .  The cro ss  spectrum o f  
two probes may be represented as a complex fu n ctio n  as fo l lo w s :
S12(n )  -  C(n) + 1 q (n )
where
£  S12<"> dn z v } v 2 * the average o f  the product o f  probe
ou tp u ts . C (n) la the co-sp ectrum  and q( n) is  the quadrature spectrum . . The 
underlying assumptions a re : ( 1 )  the turbu lence  Is a stron g  In te ra c tio n  
phenomena and has very weak phase r e la tio n s  between measurements at two p o in ts , 
w hile  the In tern a l waves are a weak In te ra c tio n  phenomenon and have strong 
phase r e la t io n s  between measureemnts at two p o in t s :  ( 2) turbulence can only 
be convected by the stream and does not p rop a ga te , w h ile  In tern a l waves can 
propagate In the v e r t ic a l  d i r e c t io n .  I f  these a ssu s^ tlon s  are c o r r e c t ,  they 
Imply that In a turbulent homogeneous f lo w  (w ith  no In tern a l waves p r e s e n t ) ,  
the v e lo c it y  co-spectrum  o f  two v e r t ic a l l y  separated probes stem Id be mich
stron g er  than the v e lo c it y  quadrature spectrum . This I s  Indeed the ca se  as 
shown by our measurements In the tu rbu len t wake o f  a c y l in d e r  In a homogeneous 
f lu id  (w a te r ) ,  F ig . 12a. The coherency measurements, F ig . 12b, show that 
there were no I d e n t i f ia b le  coh eren t freq u e n c ie s  In  the f lo w . However, In 
a s t r a t i f ie d  wake w ith In te rn a l waves (Run W SF-2), our v e lo c it y  measurements 
from two v e r t i c a l l y  separated probes show that the quadrature-spectrum  Is 
no lon ger sm all compared w ith  the co-spectrum  ( F ig .  13a) and the s ig n a ls  are 
coh eren t a t d i s t in c t  fre q u e n c ie s  (F ig . 1 3 b ). S im ilar  beh a viors are  shown in 
the c o -s p e c t r a ,  quadrature s p e c t r a ,  and coh e re n c ie s  o f  two v e r t ic a l ly  separated 
con cen tra tion  probes (F ig u res  14a and 14b) o r  o f  a v e l o c i t y  probe and a con ­
ce n tra tio n  probe (F igu res  15a and 15b). These c h a r a c t e r is t i c s  can be used to 
d e te c t  whether there are In te rn a l waves presen t In a tu rbu len t flow  and to 
Id e n t i fy  the frequency range in  which in te rn a l waves dom inate.
There is  another way to  lo o k  at the d ia g n o s t ic  method proposed above. A 
flu c tu a t in g  component can be expressed  In  terms o f  am plitude and phase. We 
assume that th ere  may e x is t  s tron g  phase r e la t io n s  between measurements at 
two separated in te rn a l waves ( a t  lea st  th is  Is  true from  small d istu rb a n ce  
theory), and we propose to  measure the sp e ctra  th at are rep resen ta tiv e  o f  the 
phase r e la t io n  — the c o -  and the q u a d ratu re -sp ectra .
This d ia g n o s t ic  method, we b e l ie v e ,  can be used to  d is t in g u is h  waves 
from turbu lence in  the atm osphere or o cea n . I t  would be in te re s t in g  to  te s t  
th is  method in  the atmosphere from  a tower by measuring the c o -  and quadrature 
sp ectra  o f  two v e r t ic a l ly  separated  v e l o c i t y  a n d /o r  tesg>erature probes under 
d i f f e r e n t  s ta b ly  and u n stab ly  s t r a t i f ie d  atm ospheric c o n d it io n s .
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(a ) c o -s p e c t r a  and qu a d ratu re -sp ectra  
Fig. 12.
( b )  coherency
casuredV e lo c ity  c r o s s - s p e c t r a  o f  two v e r t ic a l ly  separated probes 
in  a homogeneous wake (Run W -12).
V e r t ica l  s e p a ra t io n  o f  the probes “  2.54 cm (z/D  “ 1 ) .  V3 probe 
i s  at x/D "  20, and z/D “  0 . V4 probe Is at x/D "  20 and z/D  • 1. 
(S ee  F ig . 10 f o r  d e ta ile d  d e s c r ip t io n ) .
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